The pressure of the waves is measured in pascals (newtons per square meter, Pa) and perceived as loudness. The softest sound that humans can hear is about 20Â10 À 6 Pa and the pain threshold is about 20 Pa.
Sound pressure is commonly expressed using the decibel scale (dB, tenth of a bel), which is a logarithmic scale. There are several relative decibel scales that have been used to describe sound levels. The sound-pressure level (SPL) scale uses the hearing threshold pressure of 20Â10 À 6 Pa as a baseline. In this scale, the softest sound that humans can hear is at 0 dB and the threshold of pain is about 120 dB. 8, 9 The A-weighted scale (dBA) is used to describe sound levels, as they would sound to the human ear. This scale accounts for the fact that humans do not hear very-low or veryhigh-frequency sounds well. The C-weighted scale (dBC), by contrast, discounts low frequencies far less than the A-weighted scale does. For example, a low-frequency sound at 75 dBC is perceived as louder than a low-frequency sound at 75 dBA. 10 Ambient sound levels vary widely in the environment. Some examples of average background sound levels are: 35 dBA in a wilderness environment, 60 to 75 dBA during conversational speech, 78 dBA in a crowded urban apartment, 117 dBA in a loud dance club, and 140 dBA for a jet aircraft at takeoff. 9, 10 Because the decibel scales are logarithmic, absolute changes in sound levels and loudness expressed as decibels vary. For example, when listening to a 1000-Hz tone at less than 40 dB the perceived loudness doubles every 4 to 6 dB, 11 but at higher decibel levels, the perceived loudness doubles every 6 to 10 dB. 12 
CARDIOVASCULAR EFFECTS
Most of the research investigating the effects of sound on human neonates has focused on heart-rate and respiratory changes following acoustic stimulation. Evaluation of published reports is made difficult by the wide variety of experimental techniques used. The variations in technique and sound intensity used may account for the diverse results summarized in Table 1 .
The early studies focused on whether an infant could respond in a measurable way to an auditory stimulus. 13 ± 15 The typical pattern found in term infants was a biphasic response of acceleration followed by deceleration to baseline after a variable period of time. 16, 17 An important and evolving concept in the literature related to Excessive sound is an acknowledged problem in neonatal intensive care units ( NICUs ) ; however, there is relatively little objective information about the effects of sound on the newborn. The cardiovascular and respiratory systems have been the most extensively studied systems. The patterns of response in these systems may be influenced by a variety of factors, including: the intensity of the sound, the infant's behavioral state, the infant's maturity and postnatal age, and the perinatal history. This article reviews the known cardiovascular, respiratory, and other physiological effects of sound on neonates. Journal of Perinatology 2000; 20:S54 ± S59.
The Full-Term and Premature Newborn
auditory stimuli in infancy was the orienting reflex or response. Acoustic stimuli in the mild to moderate range (55 to 75 dBA) such as speech and music were found to result in a deceleration of the heart rate referred to as an``orienting response''. 18, 19 The orienting response was thought to facilitate stimulus reception and learning in the infant. By contrast, high-intensity acoustic stimuli (over 80 to 85 dBA) were found to result in an acceleration of the heart rate referred to as a stress or``defense response''. 18, 19 Over time, testing became more sophisticated and infants' responses to sound were found to be altered by the intensity or quality of the sound, the infant's behavioral state, gestational age, and chronological age, and also by prenatal and perinatal events.
The effect of increasing the intensity of the acoustic stimulus on heart rate was one of the first areas studied. Steinschneider et al. 16 evaluated nine term infants while administering a 5-second white noise stimulus of either 55, 70, 85, 100 dBA or no stimulus. The background level noise was 47 dBA. The authors found that only three infants responded with acceleration of the heart rate to the 55-dBA stimulus whereas all the infants responded to the 70-dBA stimulus. As the level of the acoustic stimulus was increased the magnitude of the heart-rate acceleration increased as well. These results suggested that there was a threshold intensity that evoked a response and that this threshold varied between individuals. Bartoshuk 17 investigated the potential for habituation to stimuli in two groups of term newborns. Both groups were presented acoustic stimuli at 70, 80, and 90 dBA. The first group was presented the stimuli for 1 second at 1-minute intervals and the second group was presented the stimuli for 1 second every 6 seconds. He found that as the sound level and speed of repetition of the acoustic stimulus increased the magnitude of the cardiac acceleration also increased in both groups. Abbreviations: HR = heart rate, HR5 = heart rate deceleration, HR4 = heart rate acceleration, GA = gestational age, dB = decibel, CA = chronological age.
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The behavioral state of an infant may markedly affect the cardiac response to acoustic stimulation. Ver Hoeve and Leavitt 20 demonstrated in 2-day-old term newborns that a sustained heartrate acceleration following a 75-dBA acoustic stimuli is more likely to occur during active sleep compared to a more rapid decrease to baseline heart rate in the awake or quiet sleep state. Campos and Brackbill 21 evaluated 1-to 4-week-old term infants by presenting a 2-second, 85-dB (scale not mentioned) white noise in active sleep or a quiet awake state. They found that the initial peak heart-rate response in the active sleep state was of greater amplitude ( +15.6 beats per minute) compared to the peak heart-rate response in the quiet awake state ( +5.3 beats per minute). Schulman 22 identified a group of infants at high risk and low risk for neurologic damage. The infants were presented with an 80-dB (scale not mentioned) low-frequency buzzer for 3 seconds in either a quiet alert or quiet sleep state. High-risk infants had heart-rate acceleration in both states. The low-risk infants had heart-rate acceleration in the quiet sleep state, but a deceleration in the quiet alert state. Schulman's study indicates that both the behavioral state and predisposing conditions of the central nervous system may affect the cardiac response to acoustic stimulation.
In addition to behavioral state, an infant's response to sound stimuli may depend on the history of previous sound exposure. Segall 23 evaluated 30 premature infants who were exposed to nursery noise and a tape recording of their mother's voice played multiple times each day until 36 weeks corrected age. The response to sound stimulation in these infants was compared to that of 30 premature infants who were exposed only to nursery noise. All infants were evaluated at 36 weeks corrected age by presenting a 10-second, 85-dBC white noise stimulus in a drowsy state and a 30-second, 83-dBC recording of either the mother's voice or an unknown female's voice in an active cry state. In the drowsy state, the white noise stimulus elicited an average heart-rate acceleration of seven beats per minute in both experimental and control groups. In the actively crying state, the group that had been repeatedly exposed to the mother's voice showed a significantly greater decrease in heart rate of 24 beats per minute compared to eight beats per minute in the other group.
A newborn's response to sound stimuli may also be altered by prenatal or perinatal events. Kittner and Lipsitt 24 compared heart-rate changes following acoustic stimulation in eight infants with an uncomplicated obstetrical history with that of eight infants with a complicated obstetrical history. All infants were stimulated for 5 seconds with an 85-dB square wave sound every 30 seconds for 10 minutes. Infants with an uncomplicated obstetric history demonstrated more heart-rate deceleration and less heart-rate acceleration following auditory stimulus. The authors concluded that infants with an uncomplicated obstetric history showed more signs of an orienting response to an auditory stimulus during the first few days of life than the infants with a complicated obstetric history.
Linder et al. 25 compared the response to auditory stimulation of 30 healthy full-term infants and five infants with severe neurologic deficits. Each infant was presented with a 2-second, vibroacoustic stimulus at 100 dB (audible frequency range of 750 to 1000 Hz; vibration frequency range of 110 to 200 Hz) during a period of quiet sleep. Normal term infants responded with a mean heart-rate increase of 19.510 beats per minute for a mean duration of 21.412 seconds. In addition, they had irregular respirations and limb movements. The neurologically impaired infants did not show any response to the stimulus. The authors concluded that the response to vibroacoustic stimuli may be influenced by underlying neurologic damage. They suggested that this sort of stimulus could be used as a simple test of neurologic integrity in the nursery.
The postnatal age of the infant may also affect the response to sound. Gray and Crowell 26 evaluated three groups of 12 term infants at 2 days, 6 weeks, and 11 weeks of age. They presented three noxious stimuli to the infants, one of which was an auditory stimulus of 70 dB (probably C scale) for 2 seconds. The 2-day-old infants had heart-rate acceleration followed by a deceleration. The 11-week-old infants initially responded with a deceleration followed by acceleration. The 6-week-old infants had inconsistent responses. Graham et al. 19 reported the combined results of four studies that investigated heart-rate responses in a variety of age-specific groups, including: newborns, 6-week-old infants, 12-week-old infants, and 4-month-old infants. In the newborns, there was no consistent response to a 75-dB SPL tone. As the age of the infants increased, there was an increase in the degree of heart-rate deceleration observed following the acoustic stimuli. They also observed that older infants usually had a heart-rate deceleration while awake and a heart-rate acceleration while asleep. Both of these studies suggest that the orienting response is poorly developed in newborns and develops rapidly in the first few months of life.
Finally, the cardiac response of preterm infants to acoustic stimuli appears to differ from term infants. Vranekovic et al. 27 evaluated the responses of 30 full-term infants and 15 preterm infants to a 5-second, 100-dB SPL warbled tone. They found that the premature infants had a higher resting heart rate and less cardiac acceleration in response to auditory stimulation compared to term infants. Field et al. 28 compared the responses of 18 term and 18 premature infants to auditory and tactile stimulation. She found that both groups exhibited cardiac acceleration when presented a series of acoustic stimuli (about 90 dBA) consisting of five shakes of a rattle or a buzzer. However, term infants demonstrated habituation to the stimuli with a decrement in cardiac responsitivity after repeated stimulation. Preterm infants showed no evidence of habituation. Wharrad and Davis 29 evaluated the heart-rate response of 20 preterm and 22 term infants by presenting a 5-second stimulus of either 80, 90, 100 dB SPL or``no stimulus'' to each infant. An increase in heart rate proportionate to the intensity of stimulation was observed in both groups. However, a greater absolute increase was observed in term infants. These results suggest that the cardiovascular system becomes more responsive to auditory stimuli as it matures.
In addition to changes in heart rate, acoustic stimulation may also cause changes in blood pressure. Jurkovicova Both high-and low-frequency stimulation resulted in an increase of the systolic and diastolic blood pressure of about 10 mm Hg in most infants. Blood pressure returned to baseline after about 5 minutes. In a subset of infants (14%) there was an unexplained decline in the blood pressure following the acoustic stimulus. None of these changes in blood pressure resulted in measurements outside of the normal range, but this observation suggests that the sound environment may influence a vital aspect of cardiovascular function. Although long-term exposure to high-noise environments has been associated with chronic hypertension in adults, 31 there is no known association between exposure to noise and chronic or acute hypertension in infants.
RESPIRATORY EFFECTS
Only a few studies have investigated the effect of sound on the respiratory system in newborns. Steinschneider 32 evaluated the respiratory response to sound in nine term infants. He reported that the respiratory response was related to the initial respiratory status. In infants with low respiratory rates, auditory stimulation produced an increase in respiratory rate. Conversely, in infants with high baseline respiratory rates, deceleration of the respiratory rate was observed. The change in respiratory rate was influenced by the intensity of the acoustic stimulus. In Steinschneider's analysis of the cardiac responses 16 reported above and these respiratory responses, he was unable to establish any significant correlation between the cardiac and respiratory responses to the acoustic stimuli suggesting that sound may influence respiration by a different mechanism.
Postnatal age may influence respiratory rate changes in response to acoustic stimulation Anderssen et al. 33 evaluated a group of 12 term infants at three postnatal ages: 8 to 16, 17 to 20, and 28 to 50 weeks. Each infant was presented with a series of 1-to 2-second, 80-dB white noise sounds. Three different respiratory responses were observed: apnea (cessation of breathing >3 seconds), irregular respiration and no change. Apnea was significantly more frequent at the youngest (58%) and intermediate ages (39%) compared to the older age (14%). The duration of the irregular respirations increased with increasing age, but the most common response in the oldest age group was``no change'' (47%). Apnea was also more common during active sleep compared to quiet sleep (62% vs. 38%). Three infants had a history of maternal smoking during pregnancy. These infants showed a significant increase in an``apneic'' response compared to infants of nonsmoking mothers (73% vs. 38%).
Wharrad and Davis 29 evaluated the influence of gestational age on the respiratory response to acoustic stimulation in 20 preterm and 22 full-term infants. They found a trend toward decreased respiratory rate in response to the multiple acoustic stimuli in both preterm and term infants, but these changes were only significant in the preterm infants at the 100-dB SPL stimuli. They concluded that the respiratory response to sound was highly variable and not as predictable as the cardiac response.
Potentially relevant alterations in blood oxygen saturation levels in response to auditory stimulation have also been reported. Zahr and Balian 34 studied the respiratory and cardiac responses to noises and nursing interventions among 55 preterm infants during 2-hour observation periods in the morning and evening. An observer at the bedside recorded any loud noise and the infant's response. Sound levels were not measured during the study. During noisy periods the oxygen saturation averaged 90% compared to 93% in quiet periods (p<0.01). In this study, there was no statistically significant effect of noise noted on heart rate or respiratory rate.
NEUROLOGIC EFFECTS
The influence of sound on the neonatal brain is a potential area of concern. The central nervous system responds to acoustic stimulation with changes in electrical activity, which may be recorded. Trinder et al. 35 evaluated electroencephalogram (EEG) and behavioral responses of newborn and 3-month-old infants to a filtered white noise that was varied between 36 and 90 dB SPL during quiet and active sleep. Both cohorts had higher behavioral and EEG response thresholds (i.e., required louder noise) during quiet sleep compared to active sleep. In addition, 3-month-old infants had a dramatic increase in their EEG response threshold during quiet sleep compared to the newborn infants, suggesting that brain maturation may modify response.
One study has raised the issue of the effect of sound on intracranial pressure in premature infants. Long et al. 36 reported the physiological effects of sudden noise on two premature infants. The background noise level in the nursery was 60 to 65 dBA. Sudden loud noises (70 to 75 dBA) occurred nine times during the 4 hours of recording. The loud noises caused agitation and crying that led to an increase in intracranial pressure, heart rate, and respiratory rate, and a decrease in the transcutaneous oxygen tension. The importance of the increased intracranial pressure, heart-rate changes, and hypoxemia in response to noise may be the effects on the fragile vasculature and neurons of the developing neonatal brain. 37, 38 These changes may have indirect effects on the neonatal brain because of altered perfusion or oxygenation of the brain tissue exacerbated by immature autoregulation. However, direct pathologic effects of sound on the neonatal brain have not been documented.
OTHER POTENTIAL PHYSIOLOGIC EFFECTS
Little is known about the effects of sound on other aspects of physiology in newborns. However, data from studies in adults and animals suggest that excessive sound may influence the neuroendocrine system and may have an indirect effect on immunity.
High sound levels have been shown to induce responses in the adrenal cortex and sympathetic nervous system in animal models. Hypothalamic stimulation by excessive noise is thought to release adrenocorticotropic hormone (ACTH) resulting in the production of cortisol by the adrenal cortex. 39 1 reported the response of 20 adult male subjects exposed to intermittent noise of 80 dB for 10 days, 85 dB for 10 days, and 90 dB SPL for 10 days. The mental and motor performances of the subjects were unaffected. Both the cortisol and cholesterol levels rose significantly after the exposure to sound, leveled off during the exposure, and then decreased after the exposure was stopped. However, 10 days after the noise exposure was stopped cortisol levels were still elevated above the baseline levels.
Cantrell
Jensen and Rasmussen 40 examined adult mice during and after repeated exposure to a 123-dB (scale not mentioned) sound. They found a progressive hypertrophy of the adrenal glands by the fourth day. In addition, they observed a decrease in the white blood cell count during periods of sound exposure followed by leucocytosis. This effect was not seen in adrenalectomized mice. In a subsequent study, adult mice exposed to a virus and to repeated acoustic stimuli had decreased resistance to the virus compared to control mice that had not been exposed to the acoustic stimuli. 41 These findings could have implications for sick premature infants, but have yet to be evaluated.
SUMMARY
The effects of sound on newborns have not been investigated rigorously, especially in systems other than the cardiovascular system. Virtually no information is available regarding the effects of sound on critically ill newborns or extremely premature infants. In addition, most of the studies cited used small sample sizes and experimental designs that preclude definite conclusions and limit the implications for practice in the NICU. Although these studies indicate the influence of sound on the cardiovascular and respiratory systems, the physiologic effects of sound do not appear to result in pathology. Rather, the infant responses may represent normal adaptation to the sound environment. If pathologic effects result from excessive sound exposure, then clinicians should develop strategies to reduce auditory stimuli. Well-designed research is needed to determine the qualities of the ideal auditory environment in the NICU.
